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STATUS ASSESSMENT OF AGRICULTURAL  
DRAINAGE DITCHES 
D. Avilés,  I. Wesström,  A. Joel 
ABSTRACT. Poor maintenance, environmental concerns, land use changes, and adaptation to climate change are creating 
a growing need for better agricultural drainage. The objectives of this study were to identify ditch properties that can be 
evaluated visually on-site and related soil erosion processes, and to define parameters requiring more intensive study and 
estimate these using simplified methods. The study included surveys of ditches in various soils using MADRAS (Minnesota 
Agricultural Ditch Research Assessment for Stability) to classify ditch status. To explain why some ditch segments were in 
poor condition, additional field and laboratory studies were carried out. Soil samples were taken for analysis of particle 
size distribution, unsaturated direct shear strength, and critical stress for erosion. The HEC-RAS data model was used for 
simulation of hydraulic forces acting at different flow rates. Digital maps of land use in the catchment area in different years 
were used to estimate changes in runoff conditions over time. MADRAS proved to be a suitable tool for rapid assessment of 
stability problems in ditches. The HEC-RAS simulations were a good complement to MADRAS in assessing how changes in 
land use affected the hydraulic load and in highlighting bottlenecks in the system. However, the hydraulic load did not 
adequately explain the degree of degradation in some ditch segments. Measurements of soil shear strength were a good aid 
to understanding existing degradation. Thus, assessment of soil erodibility and bank stability is essential in anticipating the 
risk of future erosion processes in ditches. 
Keywords. Cohesive strength meter, HEC-RAS, MADRAS, Unsaturated direct shear strength. 
 well-drained soil is one of the most important 
prerequisites for rational agricultural production 
and for maintaining soil production capacity. 
However, drainage operations can lead to major 
environmental problems in surface water bodies, such as in-
creased nutrient loads, rapid runoff during some periods, and 
biodiversity losses, which in many cases prevent the water 
body from being classified as having good ecological status. 
Moreover, open main drains and culverts must be regularly 
maintained in order to safeguard their capacity to conduct 
water, e.g., maintenance is necessary to remove woody veg-
etation and deposited sediment, stabilize bank slopes, and 
address toe scour problems (Fausey et al., 1982). These rou-
tine maintenance activities are costly, disrupt the existing 
ecology, and adversely affect water quality (Kallio et al., 
2010). Thus, there is increasing conflict between demands to 
maintain ditches and demands to protect the environment. 
Neglected maintenance, environmental concerns, land 
use changes, and adaptation to climate change are the main 
issues currently associated with agricultural land drainage. 
Some ditches in the countryside are stable, while others re-
quire large sums of money for maintenance. Unstable ditches 
can generate significant quantities of sediment, which degrade 
the hydraulic capacity and water quality of the ditch and often 
lead to eutrophication downstream (Magner et al., 2010). This 
means that a ditch could be converted from a recipient to a 
source of nutrients. Furthermore, insufficient hydraulic capac-
ity can also be due to changes in the flow regime caused by 
changes in land use and climate. When insufficient capacity 
leads to inundation, the adjacent land also becomes a contrib-
utor of nutrients to the water body. 
Measurements of soil strength are necessary to achieve a 
more accurate assessment of ditch status, understand the rea-
sons behind ditch instability, and propose remedial 
measures. The processes leading to bank erosion include 
weathering processes (i.e., air temperature, freeze-thaw cy-
cles, and wetting-drying cycles), fluid forces, and mass fail-
ure (Lawler, 1993). There is an acknowledged need to relate 
soil physical properties to resistance to erosion under these 
processes (Knapen et al., 2007). For example, Constantine et 
al. (2009) related soil resistance to erosion and the physical 
properties of the bank material, opening up the possibility to 
develop procedures that use soil physical characteristics to 
assess soil susceptibility to bank erosion. However, erodibil-
ity values are not known for a large number of the different 
soils in Sweden, so it is difficult to relate estimated shear 
forces induced by flowing water to actual soil strength. 
Therefore, more studies are necessary on soil erodibility and 
the shear strength of undisturbed soils. 
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The overall aim of this study was to develop tools that 
could be helpful in implementing appropriate drain mainte-
nance measures and, in the long term, in achieving stable 
ditches with reduced maintenance needs. Specific objectives 
were to identify ditch properties that can be evaluated visu-
ally on-site and the soil erosion processes they represent, and 
to define parameters that need more intensive study and sug-
gest methods for their estimation. 
MATERIAL AND METHODS 
Different sizes of ditch reaches in various soils were stud-
ied. MADRAS (Minnesota Agricultural Ditch Research As-
sessment for Stability) was used to classify the status of the 
ditches (Magner et al., 2010). The assessment included clas-
sification of bank stability (i.e., the presence of erosion from 
surface runoff and seepage), widening or undercutting of 
cross-sections, and sediment deposition on the ditch base. 
Based on field observations, every ditch segment was scored 
based on its status. To explain why some ditch segments 
were in poor condition, additional studies were carried out 
in the field and the laboratory. For characterization of soil 
sensitivity to erosion and bank stability, soil samples were 
taken for analysis of particle size distribution, near-satura-
tion shear strength (unsaturated direct shear test), and critical 
stress for erosion. The data model HEC-RAS (Hydrologic 
Engineering Center’s River Analysis System; USACE, 
2010) was used for simulation of the hydraulic forces acting 
at different flow rates. Ditch design blueprints were used as 
input data for cross-sections. Digital maps of land use in the 
catchment area from different years were used to estimate 
changes in runoff conditions over time. 
FIELD SITE 
The catchment used for the study is located 5 km south of 
Uppsala, Sweden (59° 48′ 23.312″ N; 17° 39′ 51.726″ E) and 
has an area of 720 ha. Mean annual temperature at the site is 
5.5°C (data from Ultuna 1961-1990), but four months of the 
year (December to March) have mean temperatures below 
0°C (Alexandersson et al., 1991). Mean annual precipitation 
is 528 mm. To the northwest, the landscape is dominated by 
forest, and the soil consists of post-glacial sand deposits. To 
the east, there is predominantly farmland and other open land 
on well-aggregated silty clay to clay soil (45% to 60% clay), 
with parent material consisting of post-glacial sedimentary 
clay. The land use is dominated by agriculture, but there are 
also urban settlements within the area that have expanded 
from 7% to 30% of the total catchment area during the past 60 
years, and further expansion is planned. Wetlands are found 
near the outlet. Runoff from the area, both from subsurface-
drained agricultural land and surface runoff through storm 
drains from urban areas, is conducted to a main drainage ditch. 
The total length of the ditch studied here is about 4.5 km. The 
ditch reach closest to the outlet overflows at high flows. In 
total, there are 13 culverts along the main ditch, ranging in di-
ameter from 45 to 140 cm. At several places, the ditch is in 
need of repair, and some culverts are broken or displaced. 
There are also problems with erosion within the water course, 
mostly in downstream reaches close to the outlet. 
MADRAS ASSESSMENT 
A visual evaluation of ditch status was made using 
MADRAS. The following parameters were included in the 
assessment: bank stability (erosion from surface runoff, 
mass failure, and seepage), over-widening or undercutting, 
and deposition. Based on the observations, the ditch was 
divided into six segments, each of which was allocated a 
score. 
Bank stability was scored, ranging from 0 to 10 points, 
based on the occurrence of the following indicators: (1) bank 
erosion from surface runoff, (2) mass failure, and 
(3) groundwater intrusion. If no indicator was observed, the 
ditch segment was assessed as being in optimal condition 
and was awarded 0 points. If three indicators or 10% of the 
ditch segment were affected at any point, the ditch status was 
rated as very poor and was given 10 points. 
Over-widening or undercutting of banks were assessed 
based on the following indicators: (1) bank evenly shaped 
across the ditch segment, with no undercutting visible; 
(2) one of the following indicators visible: irregular ditch 
shape, irregular channel width, vertical bank; and (3) two of 
the following indicators visible: irregular ditch shape, irreg-
ular channel width, vertical bank. If three indicators or 20% 
of the banks were undercut and had fallen into the channel, 
the segment was given 10 points. 
Deposition was assessed based on the following indica-
tors: (1) no significant deposition; (2) sediment depth ex-
ceeding on average 7.5 cm; (3) sediment deposits in the 
channel; and (4) banks in the water channel. The first indi-
cator was given 0 points, the second 3 points, the third 
5 points, and the fourth 10 points. 
The scores were added together to give a total score of 0 
to 30 points. A ditch was considered to be in good condition 
if it had an overall score between 0 and 8, while marginally 
affected ditches had scores within the range of 9 to 15 points. 
Affected ditches had scores between 16 and 20 points, while 
a ditch segment with a score of 21 points or more was con-
sidered to be in poor condition. The six ditch segments stud-
ied (A to F in fig. 1) represented different combinations of 
soils and sizes. Each segment length was equal to 30 times 
the ditch width, which was considered long enough to be 
representative. The length of the segments studied ranged 
between 45 and 120 m. All six segments were evaluated ac-
cording to MADRAS. In addition, observations were made 
on the degree of vegetation cover in the ditch reaches, sur-
face erosion on adjacent land, culverts, and outlets. 
MEASUREMENTS AND ANALYSIS 
Ditch stability is highly dependent on soil texture and the 
forces to which the ditch cross-section is exposed. Soil phys-
ical properties are time-dependent and vary during the year 
depending on soil water content and the effects of wetting-
drying and freezing-thawing. 
Particle Size Distribution 
In each ditch segment, soil samples were collected for 
analysis of particle size distribution of the ditch material and 
sediment deposits. Particle size distribution was determined 
with a laser diffraction particle size analyzer (LA-950, 
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Horiba Scientific, Kyoto, Japan) that uses a laser light scat-
tering technique. With this technique, the size and number 
of particles are derived from the forward diffraction of a la-
ser beam by the particles (Eshel et al., 2004). The LA-950 
uses two light source wavelengths to achieve high-precision 
measurements (from 10 nm to 3 mm) and Mie scattering the-
ory for the calculations. This method has the advantage of 
high repeatability and short testing times, and only requires 
small soil samples. 
A set of 18 soil samples from stable and unstable banks 
of segments C and D were collected at 0.8 to 1.2 m depth for 
determination of shear strength. Segment D was divided into 
two subsegments (D1 and D2) because some variability was 
observed in the field. All soil samples were first water-satu-
rated and thereafter drained to a drainage equilibrium of 0.5 
m water pressure in order to test the soil samples at a stand-
ardized moisture content and to mimic the sensitivity in field 
conditions. 
Unsaturated Direct Shear Strength 
Soil shear strength is commonly determined under satu-
rated conditions. However, saturated conditions seldom ex-
ist in the field, and thus the test does not represent the most 
common state of the soil. In order to gain knowledge about 
the actual driver of erosion as mass movement, the soil shear 
strength under unsaturated conditions needs to be consid-
ered. In unsaturated conditions, soil matric suction affects 
the shear strength characteristics of the soil (Fredlund et al., 
1996, 2012; Vanapalli et al., 1996) such that when the soil 
matric suction increases, the shear strength also increases. 
Unsaturated direct shear strength tests were therefore used 
to assess the soil shear strength under varying suction condi-
tions. 
The shear strength tests were carried out using an unsatu-
rated shear testing system (VJT9540, VJ Tech Ltd., Reading, 
U.K.). The test started by applying a negative pressure of 
5 kPa (soil drained to 0.5 m) and a selected vertical pressure 
Figure 1. Map of study area and main ditch analyzed. Letters A to F indicate ditch segments from upstream (A) to downstream (F). Numbers 1
to 5 indicate flow accumulation points used in HEC-RAS simulations. The numbers in the four photos are total MADRAS scores. 
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(normal stress), which were both kept constant during the test. 
When the sample stopped draining and no further volume 
change occurred, the sample was exposed to shear stress at a 
rate of 0.01 mm s-1. Three normal stress levels (20, 60, and 
100 kPa), with three repetitions, were used to produce the soil 
shear strength, where 20 kPa was equal to the moist soil 
weight at 1 m depth. One soil sample was used for each nor-
mal stress test. Each test took between 1.5 and 2 days, which 
was the shortest possible time to run the test without jeopard-
izing the reliability of the results. A longer test time is recom-
mended but was considered impractical for this study. 
Critical Stress for Erosion 
Fluvial erosion refers to the detachment and transport of 
soil particles by the action of moving water. The rate at which 
the soil is detached and transported is usually modeled by the 
excess shear equation (Papanicolaou et al., 2006; Partheni-
ades, 1965): 
 ( )acdk τ−τ=ε  (1) 
where ε (m s-1) is the fluvial erosion rate, kd (m2 s kg-1) is an 
erodibility coefficient, τ (Pa) is the shear stress applied, τc (Pa) 
is the critical shear stress, and a is an empirically derived ex-
ponent usually assumed to be equal to 1 (Al-Madhhachi et al., 
2013). The fluvial erosion rate is therefore characterized by 
the amount of shear stress that the soil particles at the surface 
can withstand before experiencing detachment and transport. 
Fluvial erosion occurs when this critical value of shear stress 
is exceeded by the action of moving water (Tolhurst et al., 
1999). 
Critical stress for erosion was assessed using a cohesive 
strength meter (CSM, Partrac, Glasgow, U.K.). The device di-
rects a water jet onto a 2 cm layer of water that is in direct 
contact with the soil surface and records: (1) the pressure of 
the water exerted from the jet and (2) the turbidity of the re-
sulting suspended sediment. An on-board processor records 
these variables at fixed time intervals depending on the chosen 
routine. The turbidity of the suspended sediment is measured 
as light transmission recorded by an integrated sensor. A rapid 
decay in light transmission indicates erosion. The CSM data 
can be used to obtain the critical shear stress (τc) indirectly 
(Grabowski et al., 2010). The CSM approach has recently 
been used in agricultural watersheds for indirect measurement 
of soil critical shear stress (Singh and Thompson, 2016). 
Twelve undisturbed soil samples were taken at a depth of 
0.8 to 1.2 m in segments C and D (D1 and D2), with three 
samples used in each test. The samples were water-saturated 
and thereafter drained to a drainage equilibrium of 0.5 m water 
pressure in order to bring the soil samples to a standard mois-
ture content before the CSM test. The test was started with a 
low pressure, which was gradually increased. At each step, a 
measurement of transmittance was conducted. 
At present, there is no standard procedure for CSM testing 
of the specific types of soil encountered in the study area. 
Therefore, we used the obtained values only for comparison 
of soil sensitivity to the water jet stress. We applied four dif-
ferent CSM test routines. The first routine, called Fine 1, had 
a jet fired for 1 s and data logged for 3 s. The test started with 
0.69 kPa, and the pressure was increased by 0.69 kPa steps to 
15.86 kPa, by 2.07 kPa steps to 41.37 kPa, and thereafter by 
13.79 kPa steps to 413.67 kPa. The second routine, called 
Mud 9, had a jet fired for 1 s and data logged for 30 s. The test 
started with 3.45 kPa, and the pressure was increased by 3.45 
kPa steps to 34.47 kPa and thereafter by 0.69 kPa steps to 
413.69 kPa. The third routine, called Sand 17, had a jet fired 
for 1 s and data logged for 3 s. The test started with 13.79 kPa, 
and the pressure was increased by 13.79 kPa steps to 413.69 
kPa. The fourth routine, called Sand 1, had a jet fired for 0.3 s 
and data logged for 3 s. The test started with 2.07 kPa, and the 
pressure was increased by 2.07 kPa steps to 82.74 kPa. 
Mud 9 had the longest duration, as it included several jet 
fires with different pressure increments, followed by Fine 1 
and Sand 17. Sand 1 had the shortest duration and only 
reached a jet pressure of 82.74 kPa. Because different num-
bers of jet fires were applied, as well as different pressure steps 
and durations, the four tests are not comparable. It is important 
to note that the actual pressure exerted by the water flow on 
the soil surface was lower than the pressure of the jet because 
the water jet was not acting directly on the soil surface. 
HEC-RAS DATA MODEL 
HEC-RAS was used to model how changes in ditch geom-
etry, water flow rate, and ditch status affected the water level 
in the ditch. Three scenarios with different land uses (repre-
senting the years 1952, 2012, and 2020) were examined, the 
latter using detailed future development plans. Maps of land 
use in the different years were used to estimate changes in run-
off conditions from installation of the ditch to the present day 
and possible changes in the future. The hydraulic design pro-
cedure involved evaluating the existing conditions for each 
channel using HEC-RAS. 
HEC-RAS estimates the flow in natural and man-made 
channels using the one-dimensional Manning equation 
(Chow, 1964). Energy losses are evaluated by friction and 
contraction/expansion coefficients multiplied by the change in 
velocity head. Where the water surface profile varies rapidly, 
the momentum equation is used. By including these equations, 
HEC-RAS can handle hydraulic jumps and, e.g., the hydrau-
lics of bridges, and evaluate stream profiles. HEC-RAS can 
also be used to determine the effects of various obstructions 
such as bridges, culverts, and structures in the flood plain. The 
software provides a number of outcomes, but in this article we 
only present the water level, the critical level for subcritical 
flow, the water velocity, and the average shear forces of the 
flowing water in different segments of the channel, with high 
values indicating an increased risk of erosion. 
RESULTS AND DISCUSSION 
Comparisons of the measured ditch profile at 25 locations 
along its length against the original blueprints for the ditch 
from 1974 showed that the ditch had eroded in various places 
and had become both wider and deeper. Figure 2 shows the 
cross-sections as designed in 1974 and the same cross-sec-
tions under current conditions. The cross-sections under 
current conditions were used as input data to evaluate the 
current ditch capacity in HEC-RAS (table 1). 
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MADRAS ASSESSMENT 
The total scores for all ditch segments studied (A to F) are 
presented in figure 1 and table 2. In segment A, the channel 
banks were almost unaffected by erosion. The vegetation along 
the ditch was acceptable with regard to erosion control. Grass 
covered most of the bank surface but was somewhat sparser on 
the eastern side. According to MADRAS, this segment of the 
ditch received 0 points with respect to bank stability, 3 points 
for over-widening or undercutting of the banks, and 0 points for 
sediment deposition. This gave a total score of 3. 
In segment B, the channel bank stability was rated rela-
tively good, despite signs of minor bank failure. According to 
MADRAS, the ditch was given 5 points with respect to bank 
stability, 3 points for over-widening or undercutting of the 
banks, and 0 points for sediment deposition. This gave a total 
score of 8. 
In segment C, the channel bank stability was less good. 
According to MADRAS, the ditch was given 5 points with 
respect to bank stability, 10 points with respect to over-wid-
ening or undercutting of the banks, and 3 points with respect 
to sediment deposition. This gave a total score of 18 points. 
Figure 2. Cross-sections as designed in 1974 and observed under current conditions. The capital letters refer to the ditch segments (B to F) included
in the MADRAS assessment. The letters in parentheses show the relative position to the closest ditch segment, where (u) = upstream and (d) = 
downstream. Positions (u)D and (u)D′ are both upstream of segment D.  
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Segment D had a vertical bank with no vegetation cover. The 
banks were very unstable, and the original design of the ditch 
had been greatly altered. According to MADRAS, the ditch was 
given 10 points with respect to bank stability, 10 points with re-
spect to over-widening or undercutting of the banks, and 10 
points for sediment deposition. This resulted in a total score of 
30 points, the maximum score obtainable. 
Segment E had a channel width that varied between 0.8 and 
2.4 m, and 50% of the segment showed signs of being influ-
enced by bank collapse. The ditch geometry was affected by 
bank failure along the entire segment. According to MADRAS, 
the ditch was given 10 points with respect to bank stability, 10 
points with respect to over-widening or undercutting of the 
banks, and 10 points with respect to sediment deposition. The 
overall score for segment E was thus 30 points. 
 
In segment F, the banks were missing entirely, so it was not 
possible to assess them with MADRAS. A channel was ob-
served, but the water flowed freely over a large area. 
Based on our implementation experiences, MADRAS is a 
good, systematic tool for evaluating the state of agricultural 
ditches. However, it could be helpful to expand the scale of 
scoring in order to provide more sensitivity. In addition, 
MADRAS was educational for our understanding of ditch de-
sign, ditch maintenance, potential degradation processes, and 
necessary remediation measures. 
SOIL PHYSICAL MEASUREMENTS 
The particle size distribution of soil samples from both stable 
and unstable banks in segments C and D is shown in figure 3. 
In general, the soils seemed to have a similar texture, with 
slightly coarser soil in the unstable banks, particularly in seg-
ment D. Colloidal clay content was 4.0% to 5.5%, clay content 
was 29.5% to 32.5%, silt content was 51.5% to 56.6%, and sand 
content was 11.0% to 19.0%. 
The shear strength measurements revealed clear differ-
ences between unstable banks (no vegetation) and stable 
banks (with vegetation) in segments C and D1 (fig. 4). Shear 
strength was also lower in unstable banks than in stable 
banks, particularly at a normal pressure of 20 kPa (the soil’s 
own weight) and 60 kPa. These differences continued to vary 
between sites when the normal pressure was increased. Plant 
roots had a very strong influence on soil shear strength, but 
the effect of vegetation differed at different locations for rea-
sons that were not possible to investigate in this study but 
that may be related to differences in vegetation type, and 
thereby differences in root development and root density. 
The CSM measurements proved to be dependent on the test 
procedure used (fig. 5); therefore, the results were used only 
for comparison and as a guideline for further development of 
the test. Many samples showed a decrease in transmittance, 
followed by an increase. However, the pressure used at the 
beginning of the tests was very low, and therefore possible ex-
planations could be loose soil particles on the surface of the 
soil sample before starting the test or dirt in the sensor. This 
will be carefully assessed when improving the test routines. In 
all tests, the soil in the bank at segment D1 proved to be the 
 
Table 1. Calculated drain flows for 1952, 2012, and 2020 land uses at
flow accumulation points 1 through 5 (fig. 1) and HEC-RAS-simulated 




















Upstream 1    14.96 0.80 
1 0.30 0.30 0.60 - - 
Downstream 1    14.12 0.78 
Upstream 2    6.09 0.58 
2 0.44 0.44 1.20 - - 
Downstream 2    0.76 0.19 
Upstream 3    14.13 0.81 
3 0.66 1.14 2.05 - - 
Downstream 3    5.54 0.52 
Upstream 4    19.34 1.01 
4 1.04 3.49 3.80 - - 
Downstream 4    13.79 0.71 
Upstream 5    9.94 0.66 
5 1.10 4.78 5.00 - - 
Downstream 5    7.09 0.58 
 
Table 2. Results of MADRAS assessment in segments A to F. 
 
Ditch Segment 
A B C D E F[a] 
Bank stability 0 5 5 10 10 - 
Over-widening or undercutting 3 3 10 10 10 - 
Sediment deposition 0 0 3 10 10 - 
Total score 3 8 18 30 30 - 
[a] Not possible to score because segment F was extremely degraded. 
 
Figure 3. Particle size distribution of soil samples from stable and unstable banks in segments C and D. 
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Figure 4. Shear strength of soil samples taken at 1 m depth from stable and unstable banks in segments C, D1, and D2. The normal stresses applied 




Figure 5. Cohesive strength meter (CSM) tests of bank soil samples from segments C, D1, and D2. Bars indicate the standard deviation of three 
replicates. 
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most sensitive, with a clear drop in transmittance observed be-
tween 30 and 100 kPa. For segments C and D2, different re-
sults were obtained when using different tests, with a de-
crease in transmittance at 100 kPa. In all tests, the variability 
in the results for the three replicates (bars in fig. 5) was rel-
atively low, which indicates that individual tests have the ca-
pacity to yield similar results from a similar soil sample. 
At present, the measured values are relative values. Work 
on relating the applied jet pressure to the actual pressure ex-
erted at the soil surface is ongoing. Additionally, there is a 
need to determine the relationship between the jet pressure 
and the pressure of flowing water at different velocities. 
ASSESSMENT OF FLOW IMPACT WITH HEC-RAS 
Flow calculations were made with the time-area method 
(Svenskt Vatten, 2004) according to the land use in 1952, 
2012, and future development plans for 2020. The results 
showed that the predicted flow has increased by a factor of 
4 since 1952 and will probably keep increasing with the new 
development plans, although not as dramatically as in the 
past (table 1). Based on the calculated flows and the meas-
ured ditch profiles, the water levels in the ditch were simu-
lated in HEC-RAS. The results showed that the ditch, as con-
structed in 1974, was well-designed for the flow calculated 
from the land use in 1952. However, the conversion from 
natural land to hard surfaces in the catchment has increased. 
Today, some culverts are too small for the current flows and, 
if the flow rates continue to increase, the situation will be 
further aggravated in the future. 
In order to evaluate the current ditch capacity in HEC-
RAS, simulated 30 min rain intensities with a return period 
of 10 years were used as the design flow under the land use 
in 2012. Upstream, in the first segment of the ditch, the flow 
was relatively low and increased slightly, from 0.30 to 0.44 
m3 s-1, at accumulation point 2 (fig. 1). As more segments 
started to contribute to flow accumulation in the ditch, the 
flow increased to 1.14 m3 s-1 at accumulation point 3. Farther 
downstream, contributions of rapid stormwater flow from 
urban settlements were included at accumulation point 4, re-
sulting in a total flow of 3.49 m3 s-1. At accumulation point 5, 
the flow increased to 4.78 m3 s-1. Flow values for the differ-
ent land use scenarios (1952, 2012, and 2020) are shown in 
table 1. Only land use was considered for future flows, but 
the predicted change to more extreme weather conditions 
will probably increase the calculated flows. 
In general, areas classified as degraded according to 
MADRAS did not have higher values of hydraulic shear in 
the HEC-RAS simulations compared with less degraded ar-
eas (Joel et al., 2015). This means that the force exerted by 
the flowing water in the channel bed and on the channel 
banks was not high enough to cause the effects observed in 
the MADRAS evaluation. Therefore, the flow rate alone 
cannot explain the degradation of these ditch segments. 
However, the surface runoff observed in the MADRAS as-
sessment may explain the observed level of degradation to 
some extent. 
CONCLUSIONS 
MADRAS proved to be a suitable tool for rapid assess-
ment of stability problems in ditches. The HEC-RAS simu-
lations were a good complement to MADRAS for assessing 
how changes in land use affected the hydraulic load in 
ditches and for highlighting bottlenecks in the system. How-
ever, the hydraulic load was not sufficient to explain the deg-
radation observed in some ditch segments. The decision to 
use MADRAS and/or HEC-RAS as tools for assessing ditch 
status and bank stability should be based on the purpose of 
the assessment and the skills of the analyst. MADRAS is a 
user-friendly tool for rapid detection of ditch stability prob-
lems, while HEC-RAS provides an assessment of the hy-
draulic load in different ditch segments. Measurements of 
soil shear strength were a good aid in understanding the ex-
isting degradation. Banks with vegetation clearly had higher 
soil shear strength, and therefore vegetating ditch edges can 
be a potential stabilizing measure. However, studies are 
needed to assess how different vegetation types can contrib-
ute optimal root distribution without increasing maintenance 
requirements and interfering with ditch functionality. As-
sessment of sensitivity to erosion with CSM tests can be use-
ful for characterizing the susceptibility of soil to erosion by 
flowing water, at least in comparative terms, if the correct 
test procedure is chosen and if the CSM values can be di-
rectly related to the actual pressure of flowing water needed 
for eroding the soil. The impacts of freeze-thaw and wetting-
drying cycles on soil critical shear stress of the channel 
banks for erosion by flowing water should also be consid-
ered. 
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